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Abstract 
There exists nowadays an ever-increasing demand for clean and renewable energy, due to the high level of pollution conventional 
energy production plants produce. Extracting energy from sea waves in Lebanon is a technology that has not yet been developed. 
In this paper, the potential of harvesting wave energy to produce electrical power on the Lebanese shore is investigated. As such, 
a compact wave-harvesting device was built. It consists of a float-rack-pinion system that transmits the vertical heaving motion 
of the waves and converts it into a rotating motion. This in turn is used to produce electricity through an alternator. A prototype 
was built and successfully tested in shallow water near shore to light up a 3-W lamp. The mechanical design of the manufactured 
device along with the operation process will be presented in details. In addition, the test results will be summarized along with 
the potential improvements that can be applied to the system. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015. 
Keywords: Green Energy; Wave Energy Converter; Heaving Buoy; Rack-and-Pinion 
1. Introduction 
 Renewable energy is the energy generated from natural resources which are replenished such as wind, solar, 
biomass, and tidal power. Researchers are investing heavily nowadays (time and money) in designing and improving 
renewable energy devices, some of which are wave energy harvesters ( [1], [2], [3]). Wave energy is one of the most 
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available and consistent energy all year round. It has many advantages over other types of renewable energy. The 
most obvious advantage of wave energy over solar energy for example, is that it is available at night and not only 
during the day.  
 Several authors have studied different types of wave energy converters ( [4], [5], [6]). It is important to note 
however that many of these devices are still in the research and development phase and has not yet been used at 
production level. Falnes in  [7] proposed different types of wave-energy converters. Kofoed et al.  [8] also proposed 
three different projects of wave energy converters. These converters are Wave Dragon, Wave Star and Seawave Slot-
cone Generator. The concept of the Wave Dragon works by waves overtopping a ramp, filling a floating reservoir 
with water a higher level than the mean sea level. The Wave Star is equipped with a number of floats which are 
moved by the waves to activate pumps. The Seawave Slot-cone Generator is an overtopping based wave energy 
converter utilizing a total of three reservoirs placed on top of each other. Hybrid systems have also been considered 
in different other studies ( [9],  [10],  [11]), where one system works in parallel with other systems at the same time to 
enhance the power production. 
To generate an improved amount of power, Wave Energy Converters can be arranged in several rows or in a 
“farm”  [12]. Hong et al.  [13] presented a review of strategies for electrical control of wave energy converters as well 
as energy storage techniques. In this review, different types of wave energy converters are classified by their 
mechanical structure and how they absorb energy from ocean waves. Several authors analyzed the wave energy 
resource theoretically and practically available in a sea of moderate depth ( [14],  [15]). This part of wave energy is 
quite important; however in this work it will not be tackled. 
In this work, a wave energy harvester is presented. First, the system design is explained. The different 
components of the system as well as the operation process are then detailed. Finally, the manufactured system is 
presented as well as the testing results. 
 
Nomenclature 
Sut Ultimate Strength (MPa) 
Sy Yield Strength (MPa) 
WEC Wave Energy Converter 
2. Wave Energy Converter Design 
The proposed wave energy converter (WEC) is based on a previous successful design investigated by Bou-
Mosleh et al. in  [16]. The device is mainly designed to function in the weak wave energy conditions near the 
Lebanese shore. In fact it was designed to work in shallow water (ͳ݉ െ ͷ݉ ). Lebanon is located on the 
Mediterranean Sea where the minimum average monthly significant wave height at Beirut coasts is about ͲǤͷ݉ in 
June as shown in Fig. 1 (expecting even lower values for the actual wave height). 
 
 
Fig. 1. Average monthly significant wave heights  [17] 
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A simple design was initially investigated (see Fig. 2). It basically uses a float connected to a rack and pinion. 
This in turn is mounted on a shaft, to which a flywheel is attached, and connected directly to an alternator. This 
combination exploits the heaving motion of the waves and transforms it into a rotational motion. The pinion is 
connected to the shaft through a one way bearing, thus the shaft is engaged during the upward motion of the wave 
(as shown in the figure) and is free to rotate under the action of the kinetic energy stored by the fly wheel during the 
downward motion. 
  
 
(a) 
 
(b) 
 
(c) 
Fig. 2. Initial wave energy converter: (a) and (b) design, (c) prototype 
The shortcoming of this design was that it does not exploit the downward motion. There was approximately three 
seconds between each upward motion. Therefore, if on a given day the wave period exceeds the three seconds, the 
flywheel may not keep rotating in order to power the lamp. In the current work, an attempt to recover this time was 
tackled. The idea was to use another and similar rack-and-pinion system for the downward motion. This will 
probably assure that whatever the duration of the period is, the overall system, and during the downward motion, 
will provide the rotation needed to generate electricity till the next upward motion. 
As a result and in an attempt to improve the design and take full advantage of both the upward and downward 
motion of the float, two freewheel gears (instead of one) were mounted on a shaft connected directly to the alternator 
as shown in Fig. 3 (a).  
 
(a) 
 
(b) 
Fig. 3. Proposed wave energy converter: (a) whole system, (b) gears 
The two gears are mounted in opposite directions (see Fig. 3 (b)) in such a way that the shaft will be engaged to 
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one free wheel during the upward motion (under the action of buoyancy forces), and to the other one during the 
downward motion (under the action of the floating part’s weight). The shaft rotates in the same direction during both 
upward and downward motion. The detailed mechanism of the system is summarized in Fig. 4. 
 
 
Fig. 4. Mechanism of the system 
The dimensions of the system are  ͹ͷ ൈ ͹ͷܿ݉, and each rack’s length is ͹ͷܿ݉. 
To better understand the mechanism of this device, key design criteria that led to the selection of the different 
components will be summarized. The function of the various device components and their contribution to the 
successful operation of the device will also be presented. 
2.1. Gears 
The designed system consists of a rack driven by the wave force. It will generate a torque to rotate the pinion gear 
and turn the shaft. In such application spur gears that carry radial forces can be used as well as helical gears that 
carry both radial and thrust forces. Since only radial forces were of interest, a spur gear with a module of 1 was 
selected. Both gears were chosen to have a radius of ʹܿ݉. 
The gears can be made of several materials such as steel, stainless steel, polyamide and others. Corrosion is a 
major problem because the system is to be installed on shore. In the current work, the plan was to build a small scale 
device for testing purposes; as such steel gears were chosen to combine the good mechanical properties of steel at a 
relatively low cost. 
2.2. Clutch 
The clutch connects the alternator shaft to the input shaft with a clutch ratio chosen to be 10:1. The distance 
between the sprockets is 25 cm. The force angle is calculated to be ߙ ൌ ͳͲι. The pulley of the clutch is made of 
polyamide with a density of ͳͶ͵Ͳ݇݃Ȁ݉ଷ. The clutch is sketched in Fig. 5. 
 
Fig. 5. Sketch of the clutch 
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2.3. Flywheel 
The flywheel is needed to conserve the mechanical energy and to stabilize the rotation of the shaft. The design 
method of the flywheel is discussed in details in reference  [18]. The mass of the flywheel is calculated to be ͹ and 
its radius is ͳ͵ with a thickness of ͳǤͷ. 
2.4. Shaft 
The shaft to which all the aforementioned components are attached is sketched in Fig. 6. 
 
 
Fig. 6. Sketch of the shaft with different components 
A solid shaft of circular cross section is used in the device. The length of the shaft is ͹ͲͲ݉݉ with a diameter of 
ʹͲ݉݉. The shaft is made of steel ͳͲͲ͸ܪܴ, with ܵ௨௧ ൌ ͵ͲͲܯܲܽ and ܵ௬ ൌ ͳ͹Ͳܯܲܽ. 
Considering all forces acting on the shaft, critical loads and corresponding critical sections were identified. It is 
very important and in order to ensure safe operation of the shaft to check for static as well as fatigue failure. The 
factor of safety against yielding was computed, using the distortion energy criterion (Von Misses), and found to be 
ʹǤ͹ͳ. The factor of safety against fatigue was calculated, using the DE-Gerber criterion  [19], and found to be ʹǤͻͳ. 
Both factors of safety are acceptable and this guarantees a safe operation of the shaft.  
2.5. Ball Bearings 
Bearings are needed to hold the shaft as well the alternator to the wooden support as shown in Fig. 3. Both ball 
bearings and roller bearings can be used for such application but since only radial loads exist, deep groove ball 
bearings were chosen. This choice is based on the fact that deep groove ball bearings run with less friction compared 
to the angular contact ball bearings  [20]. The bearings used in the design are of the 02-series type with a bore of 20 
mm. 
2.6. Float 
The component that drives the whole system is the float (buoy) under the action of several forces, the most 
important of which is the force induced by the surface wave. The float is designed to be of spherical shape and is 
half-submerged with a diameter of ͲǤͷ݉.  
 
3. Results and Discussions 
The proposed wave energy converter is manufactured and assembled as shown in Fig. 7 and Fig. 8 below. The 
system was tested on the Lebanese shore where the water depth is around 1.0 m (see Fig. 9). 
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Fig. 7. Top view of the wave energy converter 
 
Fig. 8. Side view of the wave energy converter 
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Fig. 9. Wave energy converter in testing 
On the day of the testing and as Fig. 9 shows, the surface waves’ heights were not significant and this affected the 
forces exerted on the float itself. Nevertheless, the system operated as expected, the float was heaving upward and 
downward as expected and the 3-W lamp that was attached to the alternator did light up (see Fig. 9). The system was 
kept running for around 10 minutes with no real problems. It was noticed that the rack and pinion were experiencing 
relatively large frictional forces which affect the efficiency the whole system. In fact, the efficiency of the proposed 
system is computed to be about 11% which is considered quite low. The test was successfully repeated twice, and on 
two different days, but the wave conditions did not change. In fact, the wave conditions during the month of June do 
not change much, but the device would work in spite of that. 
It is important at this point to mention that this device is still in its early stages and is meant to be a proof of 
concept. There is room for many improvements (work in progress). The most significant and important improvement 
is to reduce the friction experienced in the rack and pinion. In addition, the lateral forces exerted by the waves on the 
float were ignored during the design stages. These forces and due to the relatively long racks have created significant 
moments on the gears and this also has contributed to lowering the efficiency of the system. One possible solution to 
this problem (currently being assessed) is to channel the flow of the waves through a cylinder covering the racks and 
the float in such a way that only vertical forces are exerted on the float.  
Finally and since this device will be installed and used in the sea, humidity and most importantly, sea water will 
be a major concern when choosing the material to be used for the different components. In this device, steel was 
used and should be replaced by better non-corrosive material or, where applicable, composite materials (next stage 
of the project) when the device is ready to be mass produced. The float, which will be in direct contact with the sea 
water, should be regularly maintained by applying anti-corrosion coating on it. 
4. Conclusion 
A wave energy converter device is proposed in this paper. This device exploits the surface wave forces to produce 
a heaving motion that is transformed into a rotating motion through a rack and pinion system. The rotational motion 
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is used to produce clean electrical power through an inverter and light up a 3-W lamp. A first prototype of the system 
is designed, manufactured, assembled and tested in shallow water near the Lebanese shore. The efficiency of this 
system is relatively low as shown in the previous section, but this can be improved as explained in the same section. 
For future work, this system will be embedded in a hybrid system that generates electricity from both wave and 
wind (through wind turbines).The hybrid system is expected to produce a significantly larger power output with an 
improved efficiency. This will have a huge impact on the environmental as well as on the economical level, 
especially in countries like Lebanon where electricity production is a major issue. 
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